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MISSION ARCHITECTURE ANALYSIS: EXPLORING LONG-PERIOD COMETS
FROM MULTIPLE STAGING ORBITS
Gabriel Prescinotti Vivan, M.S.E.
Western Michigan University, 2020
Objects that have retained pieces of information about the early Solar System are key to
our understanding of its formation and evolutionary history. However, the high delta-V required
to reach these objects, such as long-period comets or interstellar objects, makes designing an
intercept mission at the time of detection impractical. In this thesis, multiple heliocentric staging
orbits are explored to serve as departure positions for future missions, prior to objects’ detections.
By utilizing more than one staging orbit concurrently, the set of objects that are reachable is
expanded, therefore increasing mission feasibility. Delta-V maps are generated and superimposed;
two-impulse burn trajectories are simulated and compared between the different staging orbits;
strategic astronomical observation patterns are suggested; multi-objective optimization is
performed for trade studies.
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NOMENCLATURE
au

= Astronomical unit

𝛼

= Reciprocal of the semimajor axis

C3

= Characteristic energy

χ

= Universal anomaly

Δ𝑉

= Delta-V to achieve desired hyperbolic excess velocity from circular orbit

e

= Orbit eccentricity

𝑓!"

= Utopia points

ℎ

= Angular momentum

𝑖

= Orbit inclination

𝜙"

= Phase angle for Hohmann Transfer

𝜇#

= Sun’s gravitational parameter

𝑛$

= Jupiter’s mean motion

𝑂𝐸%"&'( = Lower limit of orbital element range
𝑂𝐸()*+ = Random orbital element
𝑂𝐸,--'( = Upper limit of orbital element range
𝜔

= Argument of perihelion

Ω

= Right ascension of the ascending node

𝑝

= Optimization parameter

𝒓

= Fictitious LPC position vector

𝑅.

= Earth’s semimajor axis of orbit
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Nomenclature -- Continued
𝑅$/0

= Sun-Jupiter’s L1 semimajor axis of orbit

𝑡01

= Hohmann Transfer time of flight

𝜃

= True anomaly

𝒗

= Fictitious LPC Velocity vector

𝑣2

= Velocity of object in a circular orbit around the Earth

𝑣3

= Hyperbolic excess velocity

𝑤!

= Optimization weights
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I.

INTRODUCTION

The recent discovery of the first interstellar object ever detected, 1I/2017 U1 (‘Oumuamua),
by the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS1) project [1][2],
opens new opportunities for deep-space missions. Based on the observations and studies from
‘Oumuamua’s visit to our Solar System [3][4] and the estimates of similar objects’ concentrations
[5], literature suggests that new and more frequent discoveries are forthcoming [6]. In fact, a
second object – detected on August 30th, 2019 and named 2I/Borisov – has recently been confirmed
to have interstellar origins and it appears to have cometary nature [7] – [9].
Similar objects that might have retained pieces of information about the early Solar System are
key to our understanding of its formation and evolutionary history. These objects include longperiod comets (LPCs) from the Oort Cloud, the newly discovered class of Manx comets, and
interstellar objects (ISOs), such as ‘Oumuamua [10]. Potential science returns from long-period
object exploration missions could include surface composition, volatile composition, bulk
chemistry and elemental analysis, and shape/rotation/mass/bulk density estimates. These
measurements would help to constrain models of early solar system formation, probe the
planetesimal formation processes around other stars [11], confirm inner solar system origins of
Manx comets, or provide information on formation conditions for ISOs [10].
There is currently high interest from space agencies to further investigate these objects. One
of the objectives in NASA’s current Decadal Survey for Planetary Science is to study “The
Primitive Bodies: Building Blocks of the Solar System” [12]. According to NASA, a sample return
mission is a major goal in the study of primitive bodies, while a technology demonstration mission
is essential so that this goal is achieved in the decade after 2022. Additionally, this topic is also
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present in NASA’s Science Mission Directorate (SMD) 2018 Strategic Plan: “Discovering the
Secrets of the Universe”.
Lastly, a recent mission is under development at the European Space Agency (ESA), called
Comet Interceptor, which is an F-class (Fast) mission expected to launch in 2028. This mission is
being designed without an LPC or target body designated yet. The payload consists of three
spacecraft that will travel to Sun-Earth’s L2 Lagrange point and wait there until a suitable target
is set [13]. Based on all these planned missions and active research interest, it is clear that the
exploration of LPCs is highly desirable; moreover, it is important that we have a strategy set on
how to reach them before we detect them.
Problem Description
There are many challenges associated with conducting research on long-period objects.
Besides the fact that their closest approach to our Sun only happens once in a human lifetime,
many of them are not detected until it is not feasible to design a mission to intercept them. Of the
cases that are detected in time, the high delta-V required for intercept would then translate into a
low-science return due to a hyper-velocity encounter. Long-period objects are also likely to have
high-inclination trajectories [14], which makes an intercept mission even more difficult. Therefore,
it is desirable that spacecraft sent to these objects are controlled to match the object’s velocity as
closely as possible, resulting in a much greater need to invest in advanced propulsion systems
capable of meeting such requirements.
The use of deep-space staging orbits could increase the feasibility of reaching long-period
objects by reducing the delta-V budget. One or more spacecraft could be placed at dynamically
advantageous locations in heliocentric orbit, where they could await tasking to visit new objects
as they are discovered, in a similar concept to the Comet Interceptor mission [13]. In this thesis, a

2

few heliocentric staging orbit options will be explored. For each of them, sets of real and fictitious
long-period objects are selected, and trajectories are simulated from different departure times and
positions. Then, a delta-V map is generated and analyzed. Reference [10] includes an initial
analysis of these questions for missions starting in the Earth-Moon environment. The objective of
this study is to investigate further for different staging orbits, not limited to Earth’s vicinity. In
section II, the heliocentric staging orbits are selected, and the mission constraints imposed on all
launching positions are determined. In section III, the real objects chosen for all simulations are
displayed and we define the constraints under which a fictitious population of comets was
generated. In section IV, the methodology with which the analysis was done is detailed, along with
the theoretical background of the algorithms used. In section V, we analyze the benefits of utilizing
multiple staging orbits by comparing delta-V maps, assess feasibility, and perform trade studies
between different mission constraints. In section VI, multi-objective optimization is performed on
some of the feasibility results. Finally, in section VII, observational strategies are recommended
for detecting objects accessible from Earth’s vicinity and all other staging orbits.
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II.

STAGING ORBITS

Launching a spacecraft before a target is identified might initially be seen as wasteful, since
optimum trajectories are not being utilized. A different way to look at it, however, is to imagine
that the staging orbit is a temporary target until a new target is set, such that the overall mission’s
delta-V budget becomes more economical. While the future detection of a reachable object is not
guaranteed, a strategic selection of the staging orbit can lead to the maximum probability that the
spacecraft will be able to visit a detected object. In this study, we explore a few possible
heliocentric staging orbits, with the spacecraft being placed near the Lagrange points of major
bodies, such as the Earth, Mars, and Jupiter.
The Lagrange or libration points correspond to equilibrium points in a restricted three-body
orbital system, in which the mass of one of the bodies (i.e., a satellite) is not significant when
compared to that of the other two [15]. For all such systems, there are five equilibrium points, as
shown in Figure 1. In this study, L1 and L2 correspond to the points of interest. Although unstable
(i.e. spacecraft placed at these points need active station-keeping), they are closest to a major body
and offer potential science returns further detailed in the following sections.
The regions surrounding points L4 and L5 are stable. However, while their stability could be
used to minimize station-keeping efforts, these points are farther from major bodies, which makes
them less useful for secondary science objectives and more difficult to reach. Lastly, point L3 does
not seem to show any advantages when compared to points L1 or L2, and it is also unstable.
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Figure 1: Lagrange or libration points in the Sun-Earth system

For each of the departing positions, the earliest departure was assumed to be 2 years before the
LPC’s perihelion passage date, and the latest to be 6 months after it. The total mission time varies
from 4 months to 12 years after departure. A simple two-impulse burn trajectory is then computed
by solving Lambert’s problem. This well-known problem in orbital mechanics allows one to
calculate the trajectory between two points, independent of the orbit’s eccentricity (i.e. the orbit’s
shape is irrelevant, as long as the transfer time is known). This problem’s methodology is further
detailed in section IV. Lastly, the delta-V necessary is computed for a flyby or rendezvous mission.
Since this study is of a comparative nature, no attempts at optimizing the trajectories were made.
In essence, there are no gravity assists or braking maneuvers of any kind. The results given by the
Lambert’s problem numerical solver in MATLAB are validated by NASA’s General Mission
Analysis Tool (GMAT) solution, including higher-order disturbances. This software is also used
to visually display the trajectories.
Sun-Earth L1 and L2
The objective of analyzing Sun-Earth L1 and L2 as launching points is to assess whether or
not relatively small changes in distance from the Sun result in large delta-V differences to reach a
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comet. Considering Earth’s orbit around the Sun is not circular, these points also do not have fixed
orbits. However, L1 is located approximately 1.492 million kilometers away from the center of
Earth towards the Sun, whereas L2 is located 1.501 million kilometers from the Earth in the other
direction, colinearly. In terms of astronomical units, this distance represents about 0.01 au, which
shows how relatively close these points are to Earth’s orbit in a heliocentric frame.
On the other hand, there are a few advantages of placing spacecraft around these points,
allowing them to perform additional side missions while waiting to be assigned a mission to an
LPC. A primary benefit is that they have an almost unobstructed view of other primary bodies,
while avoiding geomagnetic or atmospheric interference present in low Earth orbits [16]. A few
missions that have utilized these points are ISEE-3, SOHO, and GAIA [17]. Additionally, L2 will
also be home for the James Webb space telescope [16], planned to be launched in 2021. References
[17][18] describe what other benefits these points offer. In brief, the environment is highly
favorable to missions that do not occur under low temperatures, they are easy and inexpensive to
reach from Earth – with a delta-V similar to what is required for Earth-Moon escape – and with
special importance to this study, libration orbits can provide ballistic planetary captures [19].
Nevertheless, these regions in space are naturally unstable and thus require active stationkeeping efforts [16]. Positioning a satellite exactly at L1 or L2 is not practical; most missions that
are designed for these points make use of halo or Lissajous orbits [19]. In this study, we assume
that would be the case as well. It is shown in section V that small departure position changes, such
as what would happen in a halo or Lissajous orbit, do not significantly affect mission feasibility to
an LPC.
Since the objective is to compare different staging orbits for missions that require large
amounts of delta-V, station-keeping delta-V totals are negligible in comparison to the requirements
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for the entire mission, and therefore are omitted from this paper. The departure positions in Earth’s
vicinity are taken as the base of comparison to the other departure positions. In other words, the
total delta-V that is needed to achieve Mars or Jupiter libration points is reduced by 3.2 km/s,
which corresponds to the average Earth-Moon system escape velocity (C3 = 0 km2/s2) from low
Earth orbit (LEO).
Lastly, solving Lambert’s problem for each case requires ephemerides for each departure point
(i.e. state vectors containing position and velocity information). The ephemerides for Sun-Earth
L1 and L2 libration points are readily available through JPL’s HORIZONS database, as well as all
ephemerides for the comets listed in section III.
Sun-Mars L2
Positioning spacecraft in other system’s libration points becomes more challenging as the
distance from the Earth increases. However, other staging locations would allow the spacecraft to
perform side missions while waiting to start the main task. For Sun-Mars L2 position, ref. [20]
suggests that developing a communication system composed of multiple spacecraft could be
beneficial, considering the number of missions planned to this planet in the upcoming years. That
study argues that a system with 2 satellites, each in a halo orbit around L1 and L2, would be able
to provide a view of 99.81% of the planet with a communication “down time” of only 1.5 minutes
maximum. Besides being the most cost-efficient communication system constellation
configuration, spacecraft in such orbits can readily see the Earth and Sun, simplifying solar cells
placement.
Furthermore, there are other side missions that spacecraft in Sun-Mars libration points could
perform. They can be used as observation platforms, being able to perform continuous solar
activity monitoring. This mission has increased importance for when the Earth is positioned on the
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other side of the Sun [20] compared to Mars. Other missions could include Martian weather
sensing and relay for different expeditions, as well as outer solar system observations.
Nonetheless, in order to compare the feasibility of reaching LPCs from Earth’s or Mars’
vicinities, it is necessary to take into account the delta-V necessary to reach Sun-Mars L2. This
point is located approximately 1.1 million kilometers away from Mars in the opposite direction to
the Sun, or a distance of 0.53 au from the Earth when it is aligned with Mars and the Sun. Now,
due to Earth’s and Mars’ orbits not being coplanar or circular, the optimum delta-V for an
interplanetary transfer is not constant over time [21]. For the period between 2026 and 2045, the
characteristic energy for a transfer can vary from 7.8 to 15.5 km2/s2 using the best opportunity
window for each year.
For this study, we considered two options for the transfer: a direct injection; and an orbital
insertion preceded by a braking maneuver. Based on the results in ref. [20], the first mission type
was simulated for the best opportunity window in 2003, whereas the mission including the braking
maneuver was simulated in 2016. Both missions had a time of flight (TOF) of 200 days. The
characteristic energy given in ref. [20] is the square of the hyperbolic excess speed needed for the
transfer, considering a patched conics assumption. Thus, we can calculate the total delta-V from
LEO using Eq. (1) assuming a burn altitude of 300 km.
1
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∆𝑉 = 𝑣2 ∙ :;2 + > 4!? − 1B
"

(1)

The delta-Vs for each segment of the missions are displayed in Table 1. The total delta-V
represents the budget for a mission starting in LEO. Since we are comparing that to the Earth’s L2
launching position, we subtract the Earth-Moon escape velocity to get the required delta-V from
C3 = 0.
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Table 1: Delta-V requirements to reach Sun-Mars L2

Maneuver
Type
Direct
Injection
Braking
Maneuver

Transfer
C3 (km2/s2)

Transfer ∆𝑉
(km/s)

Orbital Insertion
Maneuver (km/s)

Total ∆𝑉
(km/s)

Required ∆𝑉 from
C3=0 (km/s)

8.883

3.599

2.425

6.024

2.824

10.377

3.665

1.795

5.460

2.260

Based on the numbers in Table 1, a constant of 2.25 km/s was added to the delta-V solutions
for all transfers from Sun-Mars L2 to simulated LPCs. This is done in order to compare the total
delta-V needed to reach an LPC from Earth’s and Mars’ selected libration points. It should be seen
as a delta-V tax to depart at a longer distance from Earth’s vicinity.
Lastly, differently than Earth’s libration points, JPL’s HORIZONS database does not keep
records of Sun-Mars libration points. Therefore, the latter had to be simulated in GMAT, which is
able to generate ephemeris files as output.
Sun-Jupiter L1
An orbit around Sun-Jupiter’s L1 libration point is the farthest staging orbit analyzed in this
study. This point is located approximately 52.66 million kilometers away from Jupiter in the
direction towards the Sun, or 3.85 au from the Earth when it is aligned with Jupiter and the Sun.
The advantages of placing spacecraft in libration points in the Sun-Jupiter system are similar to
the ones in the Sun-Mars system, with emphasis on mission support to spacecraft sent to Jupiter
or the Jovian moons.
Additionally, considering that the spacecraft in this study could be SmallSats, “hitchhiking”
could be a mission concept to be taken into consideration. In this concept, the SmallSat is sent as
part of the payload of a larger mission whose destination is Jupiter, with deployment close to the
desired orbit insertion [22]. Another option would be to utilize a large spacecraft after its end of
mission (EOM), instead of deorbiting into the planet.
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The most challenging aspect of placing a spacecraft in Jupiter’s L1, however, is to plan its
transfer trajectory. Although it is possible to plan direct injection transfers with current propulsion
capabilities, these are certainly not optimum. We can estimate the required characteristic energy
for an optimum Hohmann transfer using Eq. (2).
1∙6%&'
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𝑣3 = ;6 # ∙ C;6
$

$ 86%&'

− 1D

(2)

Considering circular orbits, C3 = 77.32 km2/s2, which is the square of the hyperbolic excess
speed calculated above. However, similar to a mission to Mars, performing a perfect Hohmann
transfer to Jupiter is only possible when the nodal lines of the planet’s orbit and the transfer ellipse
are aligned. Therefore, non-Hohmann transfers with deep-space maneuvers are more realistic
missions.
In the case a direct injection is performed with two impulse maneuvers, the delta-V budget can
be calculated by solving Lambert’s problem again. We take the case for a close-to-optimum
transfer. The ideal time of flight can be calculated using Eq. (3), and correspondent phase angle
using Eq. (4).

𝑡01 =

9
:5#

6$ 86%&'

∙>

1

𝜙" = 𝜋 − 𝑛$ 𝑡01

;<
1

?

(3)
(4)

Using the ideal opportunity window in the year 2000, and TOF of 914 days, MATLAB’s solver
and GMAT return C3 = 111.09 km2/s2, with an orbit injection delta-V of 4.728 km/s. This would
translate into a delta-V tax of 9.015 km/s on top of the Earth-Moon system escape velocity. The
mission trajectory is displayed in Figure 2.
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Figure 2: Direct injection transfer to Sun-Jupiter L1 from Sun-Earth L2

As previously seen, the delta-V budget for missions of the kind can vary considerably between
different opportunity windows. Since it is not in the scope of this paper to investigate optimum
missions to Jupiter’s vicinity, we take NASA’s Juno mission as another parameter of comparison.
Juno was launched in August 2011, on a so-called “2+ ΔV-EGA” trajectory. This means that an
Earth gravity assist occurs 2 years past launch, in order to leverage the hyperbolic excess speed
[23]. This gravity assist maneuver gave Juno a delta-V increase of approximately 7 km/s, which
allowed it to achieve its target characteristic energy constraint of C3 = 30.8 km2/s2 for the transfer
trajectory. The complete trajectory is displayed in Figure 3, from Ref. [23].
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Figure 3: Juno's interplanetary trajectory [23]

Differently than Juno, the mission analyzed in this study does not get close to Jupiter, and
therefore the orbit insertion maneuver would differ considerably. Hence, we utilize the same value
found for the previous transfer. In this case, the delta-V tax would be 6.06 km/s.
For this study, it is assumed that a mission to Sun-Jupiter L1 can be carefully designed in order
to achieve the minimum delta-V necessary, both for the interplanetary transfer and orbit insertion
maneuvers. Therefore, a constant delta-V tax of 6 km/s was added to the delta-V solutions for the
missions starting from the Sun-Jupiter L1 staging orbit.
Analogous to the missions starting in Sun-Mars L2, JPL’s HORIZONS database does not keep
state vector records for this libration point. Thus, GMAT was used again in order to generate
ephemeris files.
In summary, in this chapter we have determined what staging orbits were select as departure
positions, their advantages and disadvantages, how we account for the additional delta-V that is
needed for an initial transfer there, and we defined the ephemeris files that are used as inputs to
solve Lambert’s problem.

12

III. LONG-PERIOD COMETS
Real Population of Comets
In this paper, the term LPC is used to refer to all comets that have orbital periods of over 200
years, including near-parabolic or hyperbolic orbits. These objects are believed to have originated
in the Oort Cloud, which is a hypothesized shell of objects that lie past the Kuiper Belt, between
5,000 and 100,000 au. This outer region in the Solar System is believed to contain up to 2 trillion
comets [10][24][26].
LPCs that originate in the Oort Cloud have a wide range of uniformly distributed spatial orbital
elements [10][14][27]. In this study, a set of real comets detected in the past two decades was
selected to include a vast range of elements. They possess perihelion distances between 0.17 and
3.44 astronomical units (au), as summarized in Table 2 and displayed in Figure 4. The last object
on the list represents the first interstellar object ever detected, ‘Oumuamua.
Table 2: Long-period objects
No.

Comet

Perihelion (au)

Inclination (deg.)

Eccentricity

Date of perihelion

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

C/2013 A1
C/2015 ER61
C/2017 O1
C/2004 F4
C/2017 E1
C/2018 Y1
C/2017 S6
C/2007 E2
C/2010 X1
C/2018 C2
C/2014 W6
C/2018 F4
C/2018 F3
C/2014 Y1
C/2017 K2
C/2013 V1
C/2008 T2
C/2013 US10
C/2012 J1
1I/2017 U1

1.39
1.04
1.49
0.17
0.90
1.29
1.54
1.09
0.48
1.96
3.09
3.44
2.48
2.24
1.81
1.66
1.20
0.82
3.16
0.26

129.03
6.35
39.84
63.16
14.55
160.4
152.8
95.9
1.84
34.45
53.56
78.44
105.58
14.92
87.55
65.31
56.3
148.87
34.19
122.74

1.00008
0.99728
0.99642
0.99929
1.00257
0.98827
1.00138
0.99918
1.00007
1.00181
1.00174
1.00108
1.00000
1.00210
1.00035
1.00142
1.00011
1.00028
1.00132
1.20113

25-Oct-14
10-May-15
14-Oct-17
17-Apr-04
10-Apr-17
7-Feb-19
26-Feb-18
27-Mar-07
10-Sep-11
2-Jun-18
19-Mar-15
2-Dec-19
15-Aug-17
17-Jan-16
21-Dec-22
21-Apr-14
13-Jun-09
15-Nov-15
7-Dec-12
9-Sep-17
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Figure 4: Set of real LPCs in the Solar System between 1995 and 2027 from ephemeris files

As seen in Figure 4, the trajectories of long-period objects do not follow any apparent trends
and are considered to be uniformly distributed over a long period of time. The yellow orbit
represents Jupiter’s orbit around the Sun, whereas ‘Oumuamua’s orbit is displayed in green, given
its distinct characteristics.
Data Validation
The purpose of performing this preliminary study with real comets is to validate MATLAB’s
numeric solution to Lambert's problem, and to investigate the expected range of LPC orbital
parameters and mission trajectory requirements. Therefore, the impulsive maneuvers are
implemented in a mission simulation in GMAT as initial guesses. GMAT then uses a high-fidelity
Dormand-Prince propagator and a Newton-Raphson numeric solver to achieve the desired relative
distance and velocity between the comet and spacecraft. As an example, the results given by
GMAT for comet C/2012 J1 are shown in Figure 5, where the spacecraft’s trajectory is in red, and
the LPC is shown in magenta. The spacecraft departs from Earth’s L2 staging orbit and achieves
the desired relative distance goal to be within 5,000 km from the LPC. The solutions given by
MATLAB and GMAT for this specific mission are compared in Table 3.
14

Figure 5: GMAT results for comet C/2012 J1
Table 3: Comparison of results by GMAT and MATLAB
Burn

Direction

GMAT (km/s)

MATLAB (km/s)

% Error

1
1
1
Magnitude
2
2
2
Magnitude

x
y
z
x
y
z
-

8.3071
3.0021
-4.7353
10.0221
-7.8439
-1.4546
-12.1810
14.5609

8.2334
3.0150
-4.7169
9.9563
-7.8397
-1.4512
-12.2013
14.5753

0.88
0.43
0.39
0.66
0.05
0.23
0.17
0.09

The burn results given in the table are in a heliocentric frame of reference. From this, it was
noted that a change of 1 m/s in impulsive burns of very long trajectories can result in relative
distance changes of over 10,000 km at rendezvous. Therefore, it is emphasized that in actual
missions there must be in-course optimization and trajectory corrections, which are not in the scope
of this study. This analysis was done on all 20 real comet. The average error between GMAT and
MATLAB was under 3%. Since MATLAB’s results were within an elevated degree of precision
for all comets, its solver was taken as a valid resource to estimate the delta-V for all trajectories
simulated.
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Fictitious Population of Comets
In order to assess mission feasibility given a range of LPCs, it is necessary that the sample size
is increased. Therefore, a fictitious population of 5,000 comets was generated based on the range
of orbital elements observed on the set of real comets previously selected. The method used to
generate the fictitious LPCs is based on the various forms of Kepler’s equation for different orbits,
such as hyperbolic or elliptical orbits, further detailed in section IV. Table 4 summarizes the orbital
elements of this fictitious population of objects. Note that perihelion distance is not an orbital
element, but rather a common parameter used to calculate angular momentum. Additionally, the
remaining orbital element related to time-dependent position in orbit (i.e. true anomaly, or mean
anomaly) is calculated and varied according to the mission’s arrival dates in timesteps of 2 months.
Therefore, it is not restricted to a particular range, but it is constrained to always contain zero (i.e.
perihelion).
Table 4: Orbital elements of fictitious comets
Orbital Element

Range

Inclination, i
Eccentricity, e
Perihelion distance, 𝑅(

0 – 180 degrees
0.95 – 1.2
0.2 – 3.5 au

Right ascension of the ascending node, Ω
Argument of perihelion, 𝜔

0 – 360 degrees
0 – 360 degrees

Given these parameters, a random number generator is used to create a population of comets
with uniformly distributed orbital elements. Since any combination of elements is possible, the
position of each staging orbit at first departure is not relevant. Hence, an arbitrary common
perihelion passage date may be chosen for all fictitious comets without loss of generality. This
date was chosen to be April 25th, 2020, due to Earth, Mars and Jupiter being all on the same
quadrant of the ecliptic plane two years prior, which is the common first departure date for all
16

missions. Although not necessary, this was done as an increased level of commonality between
staging orbits, given the comparative nature of this study.

Figure 6: Fictitious population of comets

Lastly, 200 fictitious comets were plotted in Figure 6 to demonstrate how well distributed they
are over time, and that they behave in a similar fashion as the set of real comets previously
displayed.
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IV. METHODOLOGY
In this section, we give a general overview of the algorithm used to generate delta-V maps and
perform feasibility trade studies. The main objective is to determine the impulsive burns that are
needed for a spacecraft to flyby or rendezvous with the LPC, and then impose constraints on both
total delta-V and encounter velocities. For that, we rely on a Lambert’s problem solver, further
detailed next.
The algorithm’s only inputs are state vectors (i.e. position and velocity vectors) from each of
the Lagrange points at departure dates, and state vectors from the LPCs at arrival dates. As
previously mentioned, the state vectors of the Lagrange points are obtained either from JPL’s
Horizons database or generated in GMAT. That is also the case for the set of real LPCs. For the
fictitious LPCs, on the other hand, it is necessary to compute the state vectors based on the sets of
uniformly distributed random orbital elements defined in the last section.
Random Generator Algorithm
A state vector is generated based on a set of random orbital elements when the true anomaly is
zero (i.e. comet’s perihelion). The comet’s trajectory is then propagated forward and backward in
time, according to the mission timesteps (2 months for departure dates, and 1 month for arrival
dates).
Each random orbital element generated is guaranteed to be within the specified limits by
following Eq. (5). This action is performed twice, once for the hyperbolic comets and another for
the elliptical comets. In this way, half of the comets generated are hyperbolic, and the other half
are elliptical, therefore excluding the troublesome parabolic cases (i.e. 𝑒 ≠ 1), where some of the
denominators in the to be set forth algorithm would equal to zero.
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(5)

where 𝑅𝐴𝑁𝐷 is a random number between 0 and 1. Next, the LPC’s state vector is calculated in
its perifocal frame of reference according to Eq. (6) and (7).
=)

0

S + sin 𝜃𝒒
S)
(cos 𝜃 𝒑

(6)

S + (𝑒 + cos 𝜃)𝒒
S]
𝒗 = = [−sin 𝜃 𝒑

(7)

𝒓=

5 08' 2"#?
5

− sin Ω cos 𝑖 sin 𝜔 + cos Ω cos 𝜔
[𝑸] = ' cos Ω cos 𝑖 sin 𝜔 + sin Ω cos 𝜔
sin 𝑖 sin 𝜔

− sin Ω cos 𝑖 cos 𝜔 − cos Ω sin 𝜔
cos Ω cos 𝑖 cos 𝜔 − sin Ω sin 𝜔
sin 𝑖 cos 𝜔

sin Ω sin 𝑖
− cos Ω sin 𝑖 2
cos 𝑖

(8)

The transformation matrix [Q] shown in Eq. (8) is used so that the state vector is represented
in a heliocentric ecliptic frame. This is accomplished by using the classical Euler angle sequence,
with a rotation about the Z-axis by the argument of perihelion 𝜔, followed by a rotation of the
inclination i about the X-axis, and lastly a rotation about the Z-axis again by the right ascension of
the ascending node Ω. This represents the transformation from a heliocentric frame to a perifocal
frame. The opposite transformation is achieved by transposing the matrix, since it is orthogonal,
as shown in Eq. (8).
The last step is to propagate the state vectors. While there are many possible ways to
accomplish this, a method with Lagrange coefficients was chosen due to its relative lower
computational expense. With this method, an LPC’s state vector can be calculated at any given
time provided that an initial state vector is known, as shown in Eq. (9) and (10).
𝒓 = 𝑓𝒓@ + 𝑔𝒗@

(9)

𝒗 = 𝑓̇𝒓@ + 𝑔̇ 𝒗@

(10)
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Where f and g are the Lagrange coefficients and their first derivatives. By taking advantage of
the universal anomaly 𝜒 formulated in [15], and the circular C(z) and hyperbolic S(z) Stumpff
functions [28], one can calculate these coefficients, as follows.
A)

𝑓 =1−
𝑔 = Δ𝑡 −

𝐶(𝛼𝜒 1 )

(11)

𝜒 ; 𝑆(𝛼𝜒 1 )

(12)

(*
0

√5

5

𝑓̇ = (√( [𝛼𝜒 ; 𝑆(𝛼𝜒 1 ) − 𝜒]
*

𝑔̇ = 1 −

A)
(

𝐶(𝛼𝜒 1 )

(13)
(14)

Where 𝛼 is the reciprocal of the semimajor axis. This is a well-known algorithm in orbital
mechanics, and therefore it is not in the scope of this thesis to formulate the expressions given in
Eq. (11) – (14). These Lagrange coefficients are also useful for solving Lambert’s problem, as
described next.
Once the LPC’s state vectors are known for each desired arrival date, we essentially have
compiled the ephemeris files that are needed for the Lambert solver, and therefore the delta-V
requirements of each mission can be calculated.
Lambert’s Problem
In the case that only the position of two bodies are known, it is of interest to determine the
trajectory that connects these two points given only the transfer time. This is a well-known problem
in orbital mechanics called Lambert’s problem. A solution first proposed by J. H. Lambert (1728
– 1777) is based on the fact that the transfer time is independent of the orbit’s eccentricity [15].
Referring to Eq. (9) – (14), we notice that none of them in fact are dependent on eccentricity, and
that the Lagrange coefficients seem to make a good choice for the solution of Lambert’s problem.
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Therefore, these equations are used once again, this time with 𝒓@ and 𝒓 as inputs, and 𝒗@ and 𝒗 as
outputs.
Referring to Fig. 7, there are multiple trajectory possibilities that connect points 𝑃0 and 𝑃1 .
Here, the transfer time is the input (note: Δ𝑡0 < Δ𝑡1 ). Since both 𝑉C |0 and 𝑉D |1 are known
(Lagrange point velocity at departure and LPC velocity at arrival, respectively), we are able to
obtain Δ𝑣+'- and Δ𝑣)(( by using a Lambert algorithm in MATLAB, provided by ref. [15], and
then substituting its outputs into Eq. (15) and (16),
Δ𝑣+'- = 𝑉%)EF'(G' − 𝑉C |0

(15)

Δ𝑣)(( = 𝑉D |1 − 𝑉%)EF'(G)

(16)

where 𝑉%)EF'(G' and 𝑉%)EF'(G) are the outputs of the MATLAB solver. Hence, Δ𝑣+'- represents
the delta-V needed to flyby the comet (matching the LPC position only), Δ𝑣)(( represents the
encounter velocity, and Δ𝑣G"G)% = Δ𝑣+'- + Δ𝑣)(( is the delta-V needed to rendezvous with the
comet (matching the LPC position and velocity).

Figure 7: Lambert's problem
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In Fig. 7, the orbit labeled C represents a near-circular heliocentric staging orbit (Sun-Earth,
Sun-Mars or Sun-Jupiter libration points). Trajectory H represents the hyperbolic or near-parabolic
path of a long-period comet. Each solid line represents a potential trajectory between departure
and arrival points. The outputs of the algorithm are 𝑛 × 𝑚 matrices of the two delta-V values, for
each staging orbit, for each comet, where 𝑛 and 𝑚 are the number of departure and arrival dates,
respectively.
Feasibility Assessment Algorithm
Considering the vast amount of data generated by the Lambert’s problem solver, it is necessary
to have an effective way to evaluate mission feasibility. For this, a simple logic is imposed to the
output matrices. If the delta-V solution is less than a user-specified threshold, it assigns the cell a
value of 1; otherwise it assigns a value of 0. This is done for both Δ𝑣+'- and Δ𝑣)(( results. Then,
the logic matrices are added, and we find the maximum value of a single cell. If a value of 2 is
encountered, the mission is considered feasible. This logic is demonstrated in the simplified
scheme below.
12 ⋯ 20 I4+,- J0@ 0 ⋯
Δ𝑣+'- |*×E = d ⋮ 10 ⋮ j k⎯⎯⎯⎯⎯m d ⋮ 0
5 ⋯ 3
1 ⋯

0
⋮j
1

23 ⋯ 4 I4.// J1@ 0 ⋯
Δ𝑣)(( |*×E = d ⋮ 10 ⋮ j k⎯⎯⎯⎯⎯m d ⋮ 1
10 ⋯ 30
1 ⋯

1
⋮j
0

0 ⋯
d⋮ 0
1 ⋯

0
0 ⋯
⋮j + d⋮ 1
1
1 ⋯

0
1
⋮j = d ⋮
2
0

⋯
1
⋯

1
⋮ j ∴ Feasible Mission
1

Lastly, the feasible comets are added and divided by the total number of LPCs generated, so
that a feasibility percentage is calculated. This action is performed for different thresholds, so that
the trade study plots in section V are obtained.
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V.

DELTA-V MAPS AND FEASIBILITY

As initially mentioned, it is shown in Ref. [10] that there exists a percentage of LPCs that are
accessible from departing positions located in the Earth-Moon environment. Building upon this
work, it is of interest to analyze by how much the percentage of reachable objects changes if we
increase the number of departing points. First, orbits with relatively small differences in distance
from the Sun (i.e. Sun-Earth L1 and L2) are analyzed, followed by feasibility from outer orbits.
Earth’s Vicinity Staging Orbits
Missions following the constraints previously defined were simulated for the real LPCs. The
results were separated into two categories: delta-V to flyby, along with encounter velocity; and
delta-V to achieve complete rendezvous. Table 5 displays the delta-Vs for missions starting from
the two Lagrange points in Earth’s vicinity. As can be seen, the differences are small. The average
percent differences for each delta-V category are 14.7% for flyby, 1.2% for encounter velocity,
and 3.9% for rendezvous. Moreover, L2 has a slight advantage on top of L1 in 85% of the flyby
missions and 100% of the rendezvous missions. Therefore, it is safe to conclude that although the
differences in delta-V for departing points in Earth’s vicinity are small, it is better for staging orbits
to be positioned further away from the Sun. Hence, no other missions were simulated starting in
the Sun-Earth L1 point.
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Table 5: Minimum Delta-Vs for missions departing from Earth's vicinity

Flyby
(km/s)

Sun-Earth L2
Encounter
Velocity (km/s)

Flyby
(km/s)

Sun-Earth L1
Encounter
Velocity (km/s)

Rendezvous
(km/s)

Rendezvous
(km/s)

C/2013 A1

2.827

53.080

24.702

3.707

53.009

25.210

C/2015 ER61

4.183

12.169

14.267

5.199

11.973

15.131

C/2017 O1

8.729

22.351

14.333

9.347

22.503

15.243

C/2004 F4

7.211

23.926

28.351

8.075

23.763

28.716

C/2017 E1

6.020

17.474

17.211

5.200

17.115

17.933

`C/2018 Y1

4.735

63.789

20.107

5.874

63.700

20.840

C/2017 S6

4.682

51.859

29.495

5.629

51.826

29.889

C/2007 E2

11.547

47.633

34.828

11.430

51.652

35.086

C/2010 X1

2.714

26.815

12.751

3.655

26.525

13.736

C/2018 C2

7.478

23.245

22.732

8.352

23.399

23.774

C/2014 W6

7.023

21.365

19.924

8.039

21.311

20.585

C/2018 F4

9.795

13.853

21.745

10.822

13.868

22.730

C/2018 F3

7.523

29.557

34.500

8.553

29.571

35.405

C/2014 Y1

4.966

13.710

16.032

6.011

13.836

16.866

C/2017 K2

8.228

39.683

20.156

9.107

39.512

21.158

C/2013 V1

9.198

32.308

17.337

9.862

32.197

18.293

C/2008 T2

10.680

6.186

15.406

11.060

30.544

16.387

C/2013 US10

9.559

72.368

24.779

8.739

72.384

25.275

C/2012 J1

8.873

17.232

24.532

9.675

17.319

25.410

1I/2017 U1

5.844

56.886

26.947

6.800

57.024

27.623

Comet

Next, the results were linearly interpolated, so that the delta-V surface map had timesteps of
10 days between grid points. Results for the first comet analyzed (C/2013 A1) can be seen in Figure
8 for a flyby mission, and in Fig. 9 for rendezvous. The line parallel to the launch date axis,
intercepting the origin, represents the perihelion passage date. As seen, the lower delta-Vs occur
in the region surrounding this date. This behavior is observed in the majority of other comets.
Lastly, an oscillatory pattern can also be seen, representing Earth’s orbital period around the Sun.
For the outer orbits, this delta-V map has a flatter surface, as discussed next.
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Figure 8: Flyby delta-V map for C/2013 A1

Figure 9: Rendezvous delta-V map for C/2013 A1

Real Comets from All Staging Orbits
The main objective of this study is to compare different staging orbits at relatively large
distances from each other. First, a simple positioning advantage is analyzed, without considering
the delta-V tax to reach outer staging orbits. Here, a flyby mission is considered feasible if the
delta-V to reach the comet is less than 10 km/s and the encounter velocity is less than 20 km/s,
whereas feasible rendezvous missions are those whose total delta-V needed is within 15 km/s.
These velocities are based on real mission budgets. For the set of real LPCs, the total number of
feasible comets for each staging orbit is shown in Figure 10 for flyby missions and Figure 11 for
rendezvous. As seen, Jupiter represents the best departing point for missions of the kind, whereas
Earth does not have a single object that is uniquely achievable from here. Note that 75% of the
LPCs are considered reachable for flyby if all 3 staging orbits are used, compared to only 40%
from solely the Earth. This confirms the initial hypothesis that departing points located further
away from the Sun offer a substantial advantage compared to inner orbits.
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Figure 10: Feasible comets for flyby missions (no delta-V tax)

Figure 11: Feasible comets for rendezvous missions (no delta-V tax)

Next, the effects of adding a delta-V tax to the outer staging orbits missions are investigated.
This is accomplished by superposing delta-V maps created in a similar manner as the ones at
Earth’s L1 and L2 points. From this, it is possible to visually identify the penalty imposed by the
delta-V tax. Additionally, these maps confirm the assumed higher delta-V requirements for objects
on high inclination trajectories, as expected. The data displayed through Figure 12 – Figure 19 are
from comets C/2015 ER61 (i = 6.35 degrees) and C/2007 E2 (i = 95.9 degrees). The 2-D displays
are the bottom views of the superposed surfaces, therefore representing the best staging orbits for
a specific mission timeframe.
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Figure 12: Delta-V surfaces to flyby comet C/2015 ER61 (adjusted with delta-V tax)

Figure 13: Delta-V surfaces for rendezvous with comet C/2015 ER61 (adjusted with delta-V tax)
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Figure 14: Best staging orbits to flyby comet C/2015 ER61 (no delta-V tax)

Figure 15: Best staging orbits to flyby comet C/2015 ER61 (adjusted with delta-V tax)
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Figure 16: Delta-V surfaces to flyby comet C/2007 E2 (adjusted with delta-V tax)

Figure 17: Delta-V surfaces for rendezvous with comet C/2007 E2 (adjusted with delta-V tax)
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Figure 18: Best staging orbits to flyby comet C/2007 E2 (no delta-V tax)

Figure 19: Best staging orbits to flyby comet C/2007 E2 (adjusted with delta-V tax)
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As can be seen, the delta-V tax has minimal effects on comets with high inclination. These are
usually the comets considered to be infeasible to reach, and Jupiter’s L1 is almost always the best
staging orbit for such a mission. For comets with lower inclination, however, adding the delta-V
tax is much more noticeable. When we take that into account, Sun-Mars L2 and Sun-Earth L2
staging orbits become the most advantageous ones.
Additionally, the surfaces representing missions starting from Jupiter’s L1 and Mars’ L2
staging orbits are much flatter than Earth’s L2. This is expected due to the longer orbital period of
the outer planets around the Sun. This means that the initial departure position of a mission relative
to the LPC plays an important role further investigated in section VII.
Fictitious Comets from All Staging Orbits
Flyby
Next, we turn to the fictitious population of 5,000 comets in order to assess feasibility. In this
case, since we are interested in a quantitative analysis, the delta-V plots are not generated. Rather,
we perform trade studies between the delta-V needed to flyby the comet and the relative encounter
velocity between the spacecraft and the LPC. This study is similar to what was done in Ref. [10],
with varying allowances of delta-V. Figures 20 – 22 were created following the algorithm
described in section IV and the same mission parameters as stated in section II, with departures
varying from 2 years before perihelion up to 6 months after it, every 2 months, and total mission
time varying from 4 months up to 12 years, with arrivals every 1 month. Each curve represents a
percentage of comets that would be considered reachable.
Lastly, based on the conclusions from the previous section, the delta-V tax is added to all
missions towards fictitious comets and is present on all subsequent results. By doing so, assessing
the feasibility of a mission becomes more realistic.
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Figure 20: Percentage of feasible objects to flyby with varying delta-V budget from Earth L2

Figure 21: Percentage of feasible objects to flyby with varying delta-V budget from Jupiter L1
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Figure 22: Percentage of feasible objects to flyby with varying delta-V budget from Mars L2

These plots are similar to the results from Ref. [10] and they are also similar to each other.
However, it cannot be assumed that the comets that are reachable from one specific staging orbit
are the same as the ones from a different staging orbit. From the results of missions to real comets,
we could see that there are comets that are uniquely achievable from a single staging orbit.
Therefore, we can also analyze the effect of increasing the number of staging orbits on the
percentage of reachable LPCs, constraining maximum encounter velocity at 20 km/s, shown in
Figure 23.
As we can see, increasing the number of staging orbits used concurrently is a more relevant
solution if the delta-V allowance is higher. Up until a delta-V of 12 km/s to flyby, Mars’ L2 staging
orbit adds good value to mission feasibility, whereas past that mark Jupiter’s L1 becomes
dominant.
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Figure 23: Percentage of achievable LPCs with maximum encounter velocity < 20 km/s

Rendezvous
Similarly, the same analysis can be performed on rendezvous types of missions. In this case,
however, the only constraint is the total delta-V. Therefore, we can vary mission duration, as seen
in Figures 24 – 26.

Figure 24: Percentage of feasible objects to rendezvous with varying delta-V budget from Earth L2
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Figure 25: Percentage of feasible objects to rendezvous with varying delta-V budget from Jupiter L1

Figure 26: Percentage of feasible objects to rendezvous with varying delta-V budget from Mars L2

Once again, we are interested to investigate the effects of utilizing more than one staging orbit
concurrently. Therefore, we constrain the maximum flight time to 10 years, and compare comets
that are unique to specific staging orbits, as seen in Figure 27.
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Figure 27: Percentage of achievable LPCs with maximum flight time < 10 years

Contrasting the percent increase of flyby missions to rendezvous missions, we note that the
effect of increasing the number of staging orbits is more significant with the latter. Once again,
Mars’ L2 represents a better staging orbit to be added for low budget delta-V missions, whereas
the opposite occurs with Jupiter’s L1.
Lastly, it is also possible to plot histograms of all LPCs according to the delta-V for rendezvous
and total mission duration. These plots confirm what was observed in the previous results and
indicate patterns for each staging orbit. Note that the histograms for Earth L2 and Mars L1 in
Figure 28 have longer tails, which correspond to the lower percentage of LPCs that are reachable
at large budget missions, when compared to Jupiter. In Figure 29, we see a common trend that
indicates a preference for longer duration missions in order to decrease the total delta-V needed to
reach an LPC, as expected.
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Figure 28: 3-D histogram with minimum delta-V to rendezvous from each staging orbit

Figure 29: 3-D histogram with mission times for best rendezvous from each staging orbit
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VI. MULTI-OBJECTIVE OPTIMIZATION
Let us consider the scenario in which a feasible comet has been detected, and the mission
planning phase has started. In many cases, missions will not be able to achieve the lowest estimates
of delta-V, or the opportunity windows for such missions are too narrow and may not be within
safety margins. Another possibility is that mission designers might be willing to allow a higher
flyby delta-V budget so that the encounter velocity is decreased, or maybe it is desirable to
decrease the total mission time. These trade-offs can be considered to be multi-objective
optimization problems. In this section, we evaluate what the feasible solutions are for a particular
real long-period comet, through a simple algorithm based on the weighted Tchebycheff method.
Problem Definition
In this case, the goal is to minimize the discrete datasets obtained from the previous analysis,
combined into a single function. This function can be seen as a fitness function, or just some
manipulation of the datasets into a single parameter to be minimized. It is also subject to mission
constraints such as maximum delta-V to flyby, maximum encounter velocity, and maximum time
of flight, respectively represented in each of the individual functions shown in Eq. (17.1) – (17.3).
𝑓I4 (𝒙) < 10 𝑘𝑚/𝑠
𝑓'*2.

4'%. (𝒙)

< 20 𝑘𝑚/𝑠

𝑓LMN (𝒙) < 10 𝑦𝑒𝑎𝑟𝑠

(17.1)
(17.2)
(17.3)

In this optimization problem, we define the design space as the departure and arrival dates for
a mission to a specific comet, which compose vector x. Once these dates are defined, we obtain
the solutions that compose the criterion space. In other words, each design point corresponds to a
2-dimensional vector that maps onto a 3-dimensional criterion space, as shown in Figure 30.
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Figure 30: Design space mapping onto criterion space

As one would expect, there is no definite solution for this problem, unless a design point yields
the minima of all functions simultaneously. This point is known as utopia point and it is useful in
the Tchebycheff algorithm.
Pareto Optimality and Methods
A solution concept for multi-objective optimization is that of Pareto Optimality. In essence,
this is represented as the curve or surface that connects all solutions that are not dominated by
another solution. A more precise definition is given by ref. [29]:
A point P* in the feasible design space S is pareto optimal if and only if there does
not exist another point P in the set such that 𝐹(𝑷) ≤ 𝐹(𝑷∗ ) with at least one
𝑓! (𝑷) < 𝑓! (𝑷∗ ).
One method to obtain pareto optimal solutions is by the Weighted Global Criterion Method
[29], which combines all objective functions into a single one, according to the following
expression:
0/-

P

𝐹(𝒙) = {|[𝑤! (𝑓! (𝒙) − 𝑓!" )]- }
!Q0
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This function is then minimized multiple times while systematically varying weights 𝑤! .
According to ref. [29], p is proportional to the amount of emphasis placed on minimizing the
function with the largest difference between its solution and the utopia point 𝑓!" . The utopia point
corresponds to the absolute minimum value of each individual matrix. In other words, it is defined
as a point with coordinates [𝑚𝑖𝑛(𝑓I4 ), 𝑚𝑖𝑛(𝑓STU.VSW. ), 𝑚𝑖𝑛(𝑓XYZ )]. The value of k is equal to the
number of objective functions being minimized.
In the case all weights are equal to 1 and 𝑝 = 2, the solution is called a compromise solution,
representing the smallest distance from the pareto front to the utopia point. As p is increased
towards infinity, this method becomes what is known as the Tchebycheff method.
Results
The optimization algorithm described above was applied to the interpolated results of comet
C/2010 X1, as an example, chosen arbitrarily. For flyby missions, two types of optimization were
performed: one taking into account total mission delta-V, and encounter velocity (i.e. optimizing
2 objective functions); and another taking into account these last two parameters as well as mission
duration (i.e. optimizing 3 objective functions). In rendezvous types of missions, on the other hand,
the encounter velocity is not a parameter of success, therefore the algorithm only considered the
total mission delta-V and mission duration (i.e. optimizing 2 objective functions).
For better visualization, the plots displayed in Figure 31 and Figure 32 portray a twodimensional criterion space only. The point in red represents the utopia point, whereas the point in
green is the compromise solution. The points in blue represent all feasible solutions in the criterion
space. These results are for missions staging at Sun-Earth’s L2 point only, but the same algorithm
can be applied to the other staging orbits.
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Figure 31: Criterion space for flyby missions to C/2010 X1

Figure 32: Criterion space for rendezvous missions to C/2010 X1

From these plots we can notice that the pareto front is very well defined. This information
helps mission designers select departure and arrival dates according to each mission’s specific
needs. It also delineates what combinations of delta-V, encounter velocity and mission duration
values are realistic for any particular comet.
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Lastly, the compromise solutions are summarized in Table 6. The last column represents the
compromise solution for a flyby mission in which all three objective functions are taken into
account simultaneously. Comparing this result with the minimum delta-V to flyby value displayed
in Table 5 (Δ𝑣 = 2.714 km/s, encounter velocity = 26.815 km/s), we can conclude that the
optimized set of values would be preferable in a real-life mission.
Table 6: Summary of compromise Pareto solutions (wi=1, p=2)
Objective Function
Delta-V to flyby
Encounter velocity
Delta-V to rendezvous
Mission duration

2-objective optimization
Flyby
Rendezvous
12.05 km/s
1.641 km/s
13.69 km/s
3195 days

12.48 km/s
1.869 km/s
14.35 km/s
639 days
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3-objective optimization
Flyby
13.38 km/s
6.554 km/s
19.93 km/s
122 days

VII. OBSERVATIONAL STRATEGIES
The vast amount of data retrieved to assess the feasibility of different mission types also
provide information related to space observational strategies. The goal is to determine if there are
specific LPC-arrival regions in the Solar System for which a certain staging orbit possesses
dominance over the others. Regions with higher numbers of reachable objects could become
priority locations for astronomical surveys. In this section, we select the minimum delta-V needed
to intercept each comet, and determine which staging orbit the satellite would depart from. Next,
each comets’ state vectors are plotted at their respective intercept location, with the velocity vector
scaled proportionally. The results are shown in a view normal to the ecliptic plane in Figure 33,
and in 3-D in Figure 34.

Figure 33: Ecliptic view of best staging orbits for each intercept location in flyby missions
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Figure 34: 3-D view of best staging orbits for each intercept location in flyby missions

In these images, the Sun is located at the origin, while departures from Earth’s, Mars’ and
Jupiter’s libration points are represented in blue, red, and green, respectively. All three planets
were in the 3rd quadrant of the ecliptic plane at the first departure date. Note that when flybys occur
closer to the center, the z-component (out of plane) of velocity is larger. This might be due to the
fact that comets with very high inclination are best to be intercepted when closer to the ecliptic
plane. Additionally, these comets are more feasible from Jupiter’s L1 staging orbit, since that orbit
has a higher energy that allows spacecraft to intercept LPCs in a short time span. Mars’ and Earth’s
staging orbits are best for comets with low inclination and for longer duration missions, as
represented by the further away encounters.
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Figure 35: Ecliptic view of best staging orbits for each intercept location in rendezvous missions

The same plots were created for rendezvous missions, as depicted in Figure 35 and Figure 36.
For these missions, the comets are well separated by staging orbits. Once again Jupiter staging
orbits assert dominance for very high inclinations, while Earth and Mars share the long duration
missions almost uniformly, with an apparent advantage from Mars for encounters in the 2nd and
3rd quadrants. The green core represents comets that require very large amounts of delta-V and are
usually considered to be infeasible.

45

Figure 36: 3-D view of best staging orbits for each intercept location in rendezvous missions

Now, supposing feasible missions may only depart from the Earth in the next few years, it is
of interest that we know which portions of the sky should be the focus of telescope monitoring
activities. Therefore, we can apply the same analysis as before, but in this case only for the feasible
comets from Earth’s L2. As seen in Figure 37 and Figure 38, the intercept locations for both flyby
and rendezvous missions are apparently well distributed and occur close to the ecliptic plane.
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Figure 37: Feasible comets to flyby from Earth's vicinity

Figure 38: Feasible comets to rendezvous from Earth’s vicinity
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Nonetheless, even though these images provide useful information on the portions of the Solar
System that contain comets that are more feasible, they are time independent. Which means that
the actual trajectories or phase angles of each mission are unknown. Hence, we can calculate the
phase angle for each mission to a feasible comet. Since the feasible comets from Earth are the ones
with lower inclination, we consider the encounters to be close enough to the ecliptic plane, and
thus the out of plane velocity component is negligible compared to the other two components.
Then, the phase angle can be computed as the angle between the Earth at departure date and the
comet at arrival date. Next, a histogram with all phase angles is generated, for both flyby and
rendezvous missions, as displayed in Figure 39 and Figure 40.

Figure 39: Histogram of mission phase angles for feasible comets to flyby
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Figure 40: Histogram of mission phase angles for feasible comets to rendezvous

According to these results, close to 50% of the feasible flyby missions happen with a phase
angle between 140º and 160º, whereas for rendezvous there are two clear peaks, one between 150º
and 180º, and another between 240º and 270º. With this information, current telescopes can
estimate the portions in the sky from which more feasible comets would come at a specific epoch,
so that we are able to detect better candidates in a timely manner. Effectively, this strategy also
increases the feasibility of reaching LPCs, as an early detection allows for a longer and more
careful mission design, with an extended range of possible trajectories.
To illustrate the shape of trajectories that fall within the preferred phase angles, we return to
the real comets. For a feasible flyby mission, we take the example of comet C/2012 J1, chosen
because its mission phase angle is around 140º, as shown in Figure 41. For a feasible rendezvous
mission, comet C/2015 ER61 exemplifies a mission with phase angle around 255º, as shown in
Figure 42.
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Figure 41: Flyby mission to C/2012 J1

Figure 42: Rendezvous mission to C/2015 ER61
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VIII. CONCLUSIONS
Long-period comet detections have become increasingly common with the development of
better telescopes. These objects represent some of the most pristine sources of information about
the early Solar System formation and development, and therefore are great targets for future space
exploration missions. Nonetheless, the relevance of detecting more comets is overshadowed by
the low feasibility of designing a mission to intercept them. Therefore, space agencies have major
interest in increasing the percentage of objects that are accessible. In this thesis, we have confirmed
the advantages offered by utilizing multiple staging orbits, not limited to Earth’s vicinity.
Major Findings
It was shown that staging orbits further away from the Sun offer a natural advantage due to
their higher energy. Moreover, relatively small distances between staging orbits, such as the ones
explored in Earth’s vicinity, do not significantly affect the percentage of reachable comets.
Nonetheless, the additional cost to reach further staging orbits was analyzed, and we introduced
the concept of a delta-V tax to these orbits. When including these values, the percent increase of
accessible objects when using all three orbits concurrently reached 30% for flyby, and 20% for
rendezvous. Not only does this represent a significant increase in mission feasibility, it indicates
that pursuing similar strategies or investigating other staging orbits or trajectories might
significantly improve the chances of reaching an LPC.
Further, trade studies were performed in order to investigate what combinations of parameters
such as delta-V, encounter velocity and mission duration are possible. It was shown that in the
case a higher delta-V budget is allowed, mission duration and encounter velocity can be optimized
according to each mission’s specific needs. This is a helpful study to mission designers during the
mission’s planning phase, after a target has been selected.
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Lastly, it was shown that there is a pattern of more feasible trajectories to LPCs starting from
Earth’s vicinity. In this study, we defined these results as observational strategies, as this
information could guide astronomical surveys to focus on regions of the sky with higher
percentages of reachable objects. This would lead to higher chances of detecting a feasible comet
in a timely manner.
Future Work
There is still potential for further research in this area, such as exploring more staging orbit
options, or optimizing the trajectories to long-period objects. Alternatively, as we have shown that
departing from more than one staging orbit is advantageous, further study of coadjuvant or
synergetic mission concepts that utilize Lagrange points of other planets as targets of interest
would support the justification for staging an LPC mission at these points.
Lastly, considering the current propulsive capabilities and budget limitations for deep-space
missions, the most relevant strategy in order to increase the feasibility of LPC missions seems to
be optimizing our astronomical surveys. Therefore, there is great potential for further investigation
on regions in the solar system that have higher probabilities of receiving reachable objects.
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